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ABSTRACT 
Charac te r i s t ics  of geomagnetic storms caused by solar 
f lares  a t  d i f f e r e n t  c e n t r a l  meridian dis tances  a re  s t a t i s t i c a l l y  
examined t o  obtain a two  dimensional configurat ion of t h e  s o l a r  
plasma f l o w  generated by s o l a r  f l a r e s .  
It is shown t h a t  t h e  f r o n t  o f  t h e  plasma f l o w  i s  nea r ly  
semi-spherical, but  i ts  energy f lux  i s  g r e a t l y  concentrated i n  a 
narrow cone from intense solar f l a r e s ;  therefore ,  the energy f l u x  
has a jet s t r u c t u r e .  
combined t o  give a cons is ten t  p ic ture  by assuming the generat ion of 
It is shown t h a t  these  r e s u l t s  can be reasonably 
an in t e rp l ane ta ry  
by a s o l a r  f l a r e .  
shock wave by the j e t  of t h e  so l a r  plasma e j e c t e d  
1. Introduct ion 
Let us suppose t h a t  a solar f l a r e  occurs a t  t h e  po in t  F 
ind ica ted  i n  F ig .  1. As seen f romthe  ea r th ,  t he  pos i t i on  of the  
f l a r e  on the  s o l a r  d i sk  depends on the  angle between t h e  s o l a r  
r a d i i  t o  F and t o  the  ea r th .  L e t  A be the  pos i t i on  of the e a r t h  
when the f l a r e  i s  seen  on t h e  cen t r a l  meridian. If  t h e  e a r t h  
happens t o  be loca ted  a t  C, the  f l a r e  i s  seen i n  t h e  advancing 
(or  commonly c a l l e d  the  eas t e rn  hemisphere) and a t  B i n  the  
receding hemisphere (or  t h e  western hemisphere). 
The purpose of t h i s  paper i s  t o  s tudy s t a t i s t i c a l l y  the  
two dimensional configurat ions of the  solar plasma flow by 
examining c h a r a c t e r i s t i c s  of geomagnetic storms caused by s o l a r  
f l a r e s  i n  d i f f e r e n t  sec tors  on t h e  s o l a r  disk.  A d i r e c t  observa- 
t i o n  of t h i s  kind can be achieved by d i s t r i b u t i n g  space probes a t  
d i f f e ren t  po in ts  on the  e a r t h ' s  o rb i t ,  say  the  poin ts  B and C, 
together  with the  e a r t h  a t  A. 
Such an attempt i s  by no means new; i n  f a c t ,  it has been 
w e l l  es tab l i shed  t h a t  s o l a r  f l a r e s  i n  t h e  c e n t r a l  meridian sec to r  
have t h e  l a r g e s t  p o s s i b i l i t y  of causing in tense  geomagnetic storms 
[ cf Obayashi and Hakura; Be l l ;  ( 2 )  Warnick and  it^ ( 3 4  
4 
However, most of t h e  e a r  i e r  s tud ies  usel CK a s  an index of 
t he  i n t e n s i t y  of geomagnetic storms. Unfortunately, the  K 
index takes  no account o f  t h e  composition of t h e  disturbance 
f i e ld  (D) ,  namely t h e  compression f i e l d  (DCF),  t h e  r i n g  current  
f i e l d  (El?), znr7 t h e  po la r  e l e c t r o j e t  f i e l d  (DP) and o thers ,  
although t h e  major contr ibut ion t o  l a r g e  K indices  i s  known t o  
be due t o  t h e  DP f i e l d .  
examined t h i s  problem i n  the  process of studying t h e  absolute  
magnitude of s o l a r  f l a r e s .  
P 
P 
P 
Recently, Yoshida and A k a s o f ~ ( ~ . )  a l s o  
I n  sec t ion  2 of  t h i s  paper, we extend our  ea r l i e r  study t o  
ob ta in  accu ra t e ly  t h e  magnitude of t h e  storm sudden commencement 
(DCF) and of t h e  main phase (DR) as a funct ion of t h e  c e n t r a l  
meridian d i s t ance  of responsible s o l a r  f l a r e s .  
on an extensive compilation [Yoshida (5)] of solar  and geophysical 
events i n  which t h e i r  causal  r e l a t ionsh ip  i s  confirmed by  two 
independent s tud ie s  [Warwick; ( 6 y 7 )  Obayashi (8)1 and o thers .  
O u r  s tudy i s  based 
I n  s e c t i o n  3 we ob ta in  a l s o  t h e  t i m e  elapsed between t h e  
onset t i m e  of s o l a r  f la res  and of r e s u l t i n g  geomagnetic storms 
as a funct ion of t h e  c e n t r a l  meridian d i s t ance  o f  s o l a r  f lares .  
I n  s e c t i o n  4, a l l  these r e s u l t s  are combined t o  give a two 
dimensional configurat ion of  an expanding so la r  plasma from t h e  
region of  s o l a r  f l a r e s  and support the  view made by Gold 
and r ecen t ly  Hirshberg (21) t h a t  a j e t  of t h e  solar plasma ejected 
by a solar f iare  ge1ierate.s BE Ir,terplmetsry shnrk wave. 
(11) 
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2. DCF and DR a s  a Function of  t h e  
Central  Meridian Distance 
Figure 2 shows the  magnitude of storm sudden commence- 
ments and sudden impulses as  a f-unction of the c e n t r a l  n&r5cEm 
dis tance .  The quan t i ty  DCF i s  obtained by averaging t h e  magnitude 
of storm sudden commencements ( ssc)  and sudden impulses ( s i )  
recorded a t  t h ree  s t a t i o n s  widely separated i n  longitude: 
Honolulu ( H a w i i ) ,  San Juan (Puerto Rico), and Kakioka (Japan).  
The dot  with c i r c l e  i nd ica t e s  a s sc  o r  s i  which is accompanied 
by t h e  PCA and t h e  dot  not by t he  PCA; i n  general ,  s o l a r  flares 
which a r e  assoc ia ted  wi th  s o l a r  protons a r e  more energe t ic  than 
those  without it. 
The magnitude of DCF i s  expected t o  depend on many f ac to r s ,  
such as the  i n t e n s i t y  of s o l a r  f l a r e s ,  condi t ions i n  i n t e r -  
p lane tary  space. Further,  t h e  geocentr ic  d i s tance  of t h e  apex 
of t h e  magnetospheric boundary just before the arr ival  of an 
enhanced flow o f  t h e  s o l a r  plasma is  a l s o  an important f a c t o r  i n  
determining the  DCF magnitude. 
I n  s p i t e  of t h i s  complexity, however, t h e  envelope of  t h e  
po in t s  shows a c l e a r  dependence of DCF on the  c e n t r a l  meridian 
-7 
I 
distance,  wnich ind ica tes  t h a t  intense so l a r  f l a r e s  i n  the  
c e n t r a l  meridian tend t o  cause a greater DCF than those i n  the  
other  sec tors .  
Mead(9) has given the  magnitude of  the horizontal  component 
6H 
f i e l d ;  
uf the mgne t i z  field iiue t c  the c n ~ p e s s i o r !  of t.he e a r t h ' s  
2 000 
B 
6H = ( r ) ,  
r 
where r denotes the geocentric distance of the  apex of the 
magnetospheric boundary. Le t  m, n, v be the mass, number density,  
and the  ve loc i ty  of the  s o l a r  plasma, p = 2 mnv i t s  pressure a t  
the apex, B the i n t e n s i t y  of interplanetary magnetic f i e l d  and 
p* = p + B /8n. 
i s  balanced by the magnetic pressure B /8n of the magnetosphere 
(where Bt 
f i e l d  a t  r = r >, the  above equation may be rewr i t ten  as 
B 
2 
2 By using the  f a c t  t h a t  a t  the  apex the pressure p* 
2 
t 
i s  approximately twice as  much as  the e a r t h ' s  dipole 
B 
Therefore, t he  pressure p* is proportional t o  (6H)2; note t h a t  
p* i s  expected t o  change by an order of magnitude. When t h i s  i s  
taken i n t o  account, t he  dependence o f  t h e  amount of the  enhanced 
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pressure on the  cen t r a l  meridian distance derived from Fig. 2 
i s  qui te  remarkable. The r a t i o  of t he  pressure a t  t h e  poin t  A 
t o  t h a t  a t  the  point  r i g h t  angle t o  t he  l i n e  FA i n  Fig. 1 i s  a s  
l a rge  as an order of  magnitude. 
Figure 3 shows the  magnitude of the main phase decrease 
(DR) a t  the  m a x i m u m  epoch as a function of  t he  cen t r a l  meridian 
distance.  The quant i ty  DR i s  obtained by using Sugiura’s Dst 
(1963) values (lo) f o r  the  IGY period, and f o r  other periods by 
averaging the magnitude of the decrease a t  t h ree  s t a t ions ,  
Honolulu, San Juan, and Kakioka. 
A considerable s c a t t e r i n g  of t h e  points  i s  seen i n  t he  
diagram. Nevertheless, the envelope shows again a remarkable 
dependence of the  magnitude of the main phase decrease on t h e  
cen t r a l  meridian distance of  so la r  f l a r e s .  
(c )  Magnetic Records 
It i s  worthwhile t o  examine a t  t h i s  po in t  records o f  
ac tua l  geomagnetic storms caused by so l a r  f l a r e s  i n  d i f f e r e n t  
solar sec tors .  
storms caused by solar f l a r e s  whose importance was 3 o r  3 
For t h i s  purpose, we have chosen f irst  geomagnetic 
-h 
and 
9 
which occurred a t  c e n t r a l  meridian d is tances  g rea t e r  than 60" E 
or 60" W during the  period 1956-1961. 
column of F ig .  4 (Nos. 1 t o  9);  see a l s o  Table 1. I n  the  m i d d i e  
and r i g h t  columns, we show geomagnetic storms caused by f l a r e s  
whose importance w a s  3-: 3? or 3 
meridian d is tances  smaller than  15" E or 15" W during t h e  same 
per iod .  
They a r e  shown i n  the  l e f t  
+ 
and which occurred a t  c e n t r a l  
Many of t h e  geomagnetic storms caused by limb f l a r e s  tend 
t o  have a small s sc  and some a prolonged i n i t i a l  phase; the  growth 
of t h e  main phase i s  not  always obvious. By cont ras t ,  c e n t r a l  
f l a r e s  tend t o  cause a g rea t e r  s s c  and main phase decrease than 
limb f l a r e s .  This becomes more obvious b y  noting the  f a c t  t h a t  
some of  t he  weaker storms (Nos. 11, 13, 19, 23, and 24) were 
caused by f l a r e s  whose l a t i t u d e  was g rea t e r  than 20". 
t h a t  t h e  magnitude of DCF and DR depends not  only on the  c e n t r a l  
meridian dis tance,  but  a l s o  on the  l a t i t u d e  and t h a t  the  s c a t t e r i n g  
of t h e  po in t s  i n  Figs.  2 and 3 is  p a r t l y  due t o  t h e  l a t i t u d e  e f f e c t  
(although t h i s  po in t  should be confirmed i n  the  f u t u r e  a f t e r  a 
more extensive compilation of  t h e  s o l a r  and geophysical events ,  
t ak ing  i n t o  account the  gradual  equatorward s h i f t  of a c t i v e  regions 
This suggests 
of t h e  sun as the  solar  cycle progresses). Therefore, t h e  
energy f o r  geomagnetic storms i s  confined i n  a narrow cone 
whose axis i s  the  solar r a d i a l  passing through flares, suggesting 
a jet-like s t ruc tu re  of t h e  plasm flow. 
1 3  
3 .  The Time I n t e r v a l  Elapsed Setween 
the Onset Times of Solar Flares  
and Resulting Geomagnetic Storms 
Figure 5 shows the  time i n t e r v a l  (t,) elapsed between the  
onset t i m e s  of a solar f l a r e  and of t h e  r e s u l t i n g  s sc .  The solar 
d i sk  i s  divided i n t o  six sec tors ,  and the histogram of t i s  
obtained f o r  each sec to r .  
S 
It i s  c l ea r  t h a t  there  is no d e f i n i t e  r e l a t i o n  between ts 
and t h e  c e n t r a l  meridian dis tance o f  s o l a r  f l a r e s ;  i n  a l l  s ec to r s ,  
s s c ' s  occur i n  a wide range of ts, but  they  a r e  wel l  confined 
between 20 < ts < 70 hours. 
t h a t  t he  f r o n t  of t h e  plasma flow causing s s c  has a spher ica l  
f ron t .  This r e s u l t  i s  r a t h e r  su rp r i s ing  s ince  the  r e s u l t s  i n  
s e c t i o n  2 suggest a j e t - l i k e  s t ruc tu re  of t h e  solar plasma flow. 
The accuracy of t f o r  s s c  must be of order a few minutes 
Therefore, w e  are l e d  t o  conclude 
S 
s ince  both onset  times a r e  known with t h i s  accuracy. However, 
the onset  time of DR is  r a t h e r  uncertain,  p a r t i c u l a r l y  those 
caused by  limb f l a r e s  o r  high l a t i t u d e  f l a r e s .  This can be 
e a s i l y  recognized by examining some of t he  records i n  Fig. 4 .  
By def in ing  the  onset time of t h e  main phase t o  be the  t i m e  
* 
when the  D s t  value becomes l e s s  than the  pre-storm l e v e l  , a 
t e n t a t i v e  histogram i s  a l so  constructed and i s  shown i n  Fig. 5. 
Again, the  onset times a re  confined. between 20 and 70 hours. 
~ 
* 
Geomagnetic storms caused by western f l a r e s  tend t o  develop the  
'main phasela f e w  hours before the ' ssc ' ,  so t h a t  f o r  those 
storms the onset time of DR i s  defined t o  b e  t h e  t i m e  when the  
D s t  values show the indicat ion o f t h e  development of the decrease 
or  when the a c t i v i t y  of po lar  e l e c t r o j e t  is  enhanced. 
4 .  Semi-spherical Shock Wave Generated 
by a Jet  of the Solar Plasma 
(a) 
generated from the  region of solar  flares can nei ther  be a simple 
j e t  of t h e  plasma nor a simple spherical  (or spher ica l ly  symmetric) 
wave. 
Figures 2, 3 ,  and 5 indicate t h a t  the  so la r  plasma flow 
(b)  A s  Fig. 5 suggests, t h e  f ront  of the  enhanced plasma flow 
i s  approximately semi-spherical. There are  a l s o  some indicat ion 
t h a t  solar  f l a r e s  which occur behind t h e  limb of t h e  sun can 
produce a d e f i n i t e  sharp rise i n  the horizontal  component of 
t h e  geomagnetic f i e l d ;  f o r  example, an intense s o l a r  f l a r e ,  which 
occurred a t  ( ~ 2 8 ,  WlOg), namely 19" behind the  western limb a t  
2028 UT on November 20, 1960, produced a d i s t i n c t  sudden enhance- 
ment of the plasma pressure a t  2147 UT on November 21 (see No. 8 
i n  Fig. 4 ) .  
recognizable main phase ( i n  agreement w i t h  Fig. 3 ) ,  it has been 
c l a s s i f i e d  as a sudden impulse (s i ) ,  r a t h e r  than a geomagnetic 
storm. Therefore, the  sudden enhancement of t h e  plasma pressure 
t h a t  causes a storm sudden commencement or a sudden impulse can 
occur even beyond a cone of s o l i d  angle n subtended a t  the  locat ion 
Since t h e  enhancement was not followed by any 
14 
of s o l a r  f l a r e s .  This suggests t ha t  both s sc  and s i  can be 
caused by  an expanding wave, r a the r  than by the  a c t u a l  solar gas 
e j ec t ed  from t h e  f l a r e  region.  
(c)  An important f ind ing  i n  t h e  present  work is  t h a t  i n  s p i t e  
of i n i s  spne r i ca i  c o d i g u r a t i o n ,  the  pressure jump (causing S S C )  
across  the  f r o n t  i s  l a r g e  only i n  a l imi t ed  p a r t  of t he  sphe r i ca l  
surface,  along t h e  s o l a r  rad ius  passing through a s o l a r  f l a r e .  
(d)  Gold (11) was t h e  f i rs t  t o  suggest t h a t  s s c  i s  caused by 
an in t e rp l ane ta ry  shock wave. Parker examined the  propagation 
of  a s p h e r i c a l l y  symmetric b l a s t  wave i n  a s p h e r i c a l l y  symmetric 
medium. If the  wave is  generated by a sudden heat ing of t h e  
corona above t h e  reg ion  of s o l a r  f l a r e s ,  t h e  wave propagates i n  
a nea r ly  ho r i zon ta l ly  s t r a t i f i e d  medium whose dens i ty  decreases 
r a p i d l y  r a d i a l l y  upward from t h e  photospheric surface,  r a t h e r  
than i n  a sphe r i ca l ly  symmetric medium. The i n i t i a l  s i t u a t i o n  i s  
more l i k e  a b l a s t  wave generated by a high a l t i t u d e  nuclear  
explosion; t he  wave f r o n t  propagates f irst  most r a p i d l y  r a d i a l l y  
upward Colgate(13)l . 
occur a f t e r  t h e  wave propagates a c e r t a i n  d is tance  f r o m  t h e  sun, 
causing a roughly semi-spherically expanding wave beyond t h a t  
The f r e e  expansion w i l l ,  however, eventua l ly  
dis tance .  Thus, a t  a dis tance of t he  e a r t h ' s  o rb i t ,  the  b l a s t  
wave w i l l  e s s e n t i a l l y  be a semi-spherical wave, as Parker 
envisaged. From i t s  nature,  however, it i s  d i f f i c u l t  t o  
a t t r i b u t e  t h e  observed dependence of DCF on t h e  c e n t r a l  meridian 
d is tance  t o  t h i s  t_v_De o f  simyle spherical wave. 
( e )  
sphe r i ca l  shock wave i n  the s o l a r  wind by a j e t  of  t he  s o l a r  
plasma e j ec t ed  from the  region of s o l a r  f l a r e s .  
plasma w i l l  be most se r ious ly  compressed a t  t he  f r o n t  of the  
advancing j e t  (causing the  largest pressure  jump and thus the  
l a r g e s t  s s c ) ,  but  much l e s s  a t  the s i d e s .  
l i k e  a shock wave which i s  formed near t h e  f r o n t  of a b lunt  body 
moving supersonical ly .  
of t h e  shock wave generated i n  the q u i e t  s o l a r  wind by t h e  s o l a r  
plasma e j ec t ed  from t h e  f l a r e  region [see Spre i t e r ,  Summer, and 
A k l ~ n e ' ~ ~ ) ;  t h e i r  Fig. 181. 
A more l i k e l y  s i t u a t i o n  would be t h e  generation of a semi- 
The s o l a r  wind 
The s i t u a t i o n  may be 
Figure 6 shows schematical ly  t h e  geometry 
This gas dynamic consideration of t h e  solar plasma flow 
is now j u s t i f i e d  by t h e  f a c t  t h a t  the observed geometry of t h e  
bow wave a t  t he  f r o n t  of t h e  magnetosphere agrees with the  r e s u l t  
of gas dynamic ca lcu la t ions  by Spre i te r  and Jones. (15 1 
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The geometry of t h e  shock wave generated ( i n  t h e  q u i e t  
solar wind) by the  solar plasma e jec ted  a t  t h e  time of a s o l a r  
f l a r e  depends on various f ac to r s ,  such as t h e  geometry of  t he  
s o l a r  plasma, i t s  Mach number with respec t  t o  the  quie t  s o l a r  
wind, t he  r a t i o  of spec i f i c  heat  ( y ) ,  2nd the ~ i g n e t i c  ftelci 
(B)  - [ c f .  Van Dyke, (I6) Fu l l e r ,  (17) Belotserkovski i  and Chushkin 
An appl ica t ion  of t h i s  problem t o  in t e rp l ane ta ry  and magneto- 
spheric  problems has been discussed by Colburn and Sonet t ,  
Sp re i t e r ,  Summers, and Alksne, (14) and o thers .  
(m] 
(19) 
The stand-off d i s tance  of t h e  shock wave and the magnitude 
of t h e  pressure  jump across  t h e  wave depend a l so  on t h e  same 
parameters. For example, f o r  a sphere of radius  R and Mach 
number M, t h e  stand-off d i s tance  A i s  of order 0.4 R, 0.25 R, 
and 0.18 R f o r  M = 2, 3 ,  and 4 ,  respect ively,  f o r  a i r  (7 = 7 / 5 ) .  
The pressure on t h e  sur face  of the sphere va r i e s  r ap id ly  as a 
func t ion  of 8 which i s  the  angle between the  s tagnat ion rad ius  
(e = 0 )  and an arbitrary rad ius .  
t h e  r a t i o  of t h e  pressure a t  8 = 45" t o  the  s tagnat ion pressure  
( a t  0 = Oo) i s  of order 1/2. 
i n t e rp l ane ta ry  gas and a l a rge  pressure jump across  the  shock 
For t h e  above values of M, 
Thus, a se r ious  compression of t h e  
17 
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wave occur only near the f ron t  o f t h e  advancing so la r  plasma. 
We conclude t h a t  the  remarkable dependence of DCF on the  cen t r a l  
meridian dis tance i s  caused by th i s  mechanism. 
( f )  
e i t n e r  tne contact  d i scont inui ty  o r  the  tangent ia l  discont inui ty .  
The l a t t e r  has been discussed by  Dessler and Fejer,  (20 )  Hirshberg, 
and Colburn and Sonett  (I9) i n  connection with in t e rac t ions  between 
the  M streams and t h e  quie t  s o l a r  wind. 
The f ron t  of the advancing plasma can be described by 
(22 1 
When such d iscont inui t ies  sweep across the  magnetosphere, 
we would expect changes i n  the density p, speed v, o r  the magnetic 
f i e l d  - B, and thus i n  t h e i r  combined e f f e c t ,  namely changes i n  p* 
by a ground magnetometer. Some of t h e  changes i n  may be seen 
a l so  i n  the Forbush decrease. 
I n  order t o  examine t h i s  point, we have chosen geomagnetic 
storms with the  main phase decrease of order 200 7 o r  more from 
se lec ted  storms i n  the  Year Books (1935-1946, 1952-1955) from 
Kakioka Magnetic Observatory (Japan) and a l s o  from Catalogue of 
Disturbances (1956-1961) i n  Report on Ionosphere and Space Research 
i n  Japan; Fig.  7 and Table 2. This choice of t he  magnitude of 
200 7 is  made because they were l i k e l y  t o  be caused by cer, tral  
f l a r e s  (Fig. 3 ) ,  and thus there i s  a g r e a t  p o s s i b i l i t y  of a d i r e c t  
contac t  between the  magnetosphere and t h e  d i scon t inu i t i e s  (Fig.  6 ) .  
It i s  qu i t e  obvious t h a t  many o f  the storms a re  f a r  more complicated 
than what w e  expect from the  concept of t h e  average geomagnetic 
storm. 
S m e  of them clezr ly  h m e  2 doub12, t r i p l e ,  or  miil t iple 
s t r u c t u r e  (namely, in tense  s i  a c t i v i t y )  i n  the  e a r l y  phase of the  
storms; t h i s  f e a t u r e  was not iced by Newton and Milson. (23 )  
fore ,  the  d i scon t inu i ty  seems t o  have a complicated s t ruc tu re ,  
r a t h e r  than a simple one i l l u s t r a t e d  i n  Fig.  6 .  
seems t o  be a common fea tu re  f o r  f i n i t e  amplitude waves i n  a 
c o l l i s i o n l e s s  plasma [Morton (24)1, although a t  p resent  it is  not 
poss ib le  t o  ignore the p o s s i b i l i t y  of a mul t ip le  s o l a r  f l a r e  being 
the  cause of such a complicated s t ruc tu re ;  note t h a t  many of the  
i r r e g u l a r  f e a t u r e s  seen i n  the  l a t e r  phase of  t h e  storms a r e  due 
t o  l o c a l  ionospheric cur ren ts .  
There- 
Such a f i n e  s t r u c t u r e  
(g)  
func t ion  of t h e  c e n t r a l  meridian dis tance.  
f ea tu re s  i s  t h a t  t he  Forbush decrease of less than about 8% has a 
d i s t r i b u t i o n  of po in t s  s imi l a r  t o  t h a t  shown i n  F igs .  2 and 3, 
while t h e  poin ts  showing more than  a 8 decrease a r e  separated 
Figure 8 shows the  magnitude of the  Forbush decrease a s  a 
One of t h e  s t r i k i n g  
I * '  
from the  above group. Further,  nine cases out of 11 events 
were caused by e a s t e r n  f lares .  This i s  not  due t o  the  l ack  of 
i n t ense  flares i n  t h e  Western Hemisphere s o  t h a t  a l a r g e  Forbush 
decrease (> 8%) has an east-west asymmetry [Sinno (25)] 
In 2 s b p l e  s i tua t lo i i ,  Both the shocK wave and t h e  
t a n g e n t i a l  d i scon t inu i ty  should be associated w i t h  t he  Forbush 
decrease s ince  the  t a n g e n t i a l  component (namely, t h e  azimuthal 
component with r e spec t  t o  a s o l a r  radius) has a d i scon t inu i ty  
there, and it i s  t h i s  d i scon t inu i ty  t h a t  affects  the  i n t e n s i t y  of 
g a l a c t i c  cosmic rays behind it [cf .  Parker(12)]. 
hand, a t  a simple contact  discontinuity,  
On t h e  other  
should be continuous, 
so t h a t  w e  should no t  expect the  Forbush decrease. 
development of i r r e g u l a r  f e a t u r e s  a t  t h e  d i scon t inu i ty  could affect  
However, t h e  
more s e r i o u s l y  the  cosmic r a y  i n t e n s i t y  than a simple d i s c o n t i n u i t y  
[Haurwitz, Yoshida, and Akasofu 
The symmetric par t  of the  Forbush decrease i n  Fig.  8 i s  
l i k e l y  t o  be due t o  the  shock wave i n  a way discussed by Parker, (12) 
by modifying h i s  theory and t ak ing  i n t o  account t h e  d i f f e rence  i n  
the  pressure jump a t  d i f f e r e n t  points on t h e  wave. The in t ense  and 
asymmetric p a r t  may be explained i n  a way suggested by Haurwitz, 
Yoshida, and Akasofu; (26) it i s  due t o  a c h a r a c t e r i s t i c  magnetic 
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, 
f i e l d  asymnetry t h a t  develops as a n a t u r a l  consequence of t h e  
i n t e r a c t i o n  between the  expanding s o l a r  plasma and t h e  s p i r a l  
type in t e rp l ane ta ry  magnetic f i e l d .  It i s  thus  not d i f f i c u l t  to 
combine both features cons i s t en t ly  i n  t h e  s t r u c t u r e  of t h e  plasma 
flow presented here. I n  F ig .  9, the d i s t o r t e d  in te rp lane t ,a ry  
magnetic f i e l d s  are added t o  Fig.  6 t o  i l l u s t r a t e  schematically 
t h e  s i t u a t i o n .  
I n  f a c t ,  some of t h e  intense Forbush decreases do not 
develop monotonically. For example, t h e  geomagnetic storm of 
J u l y  15, 1959, had a c l e a r  double s t r u c t u r e  i n  t h e  Forbush 
decrease (Fig. lo). Yoshida and Akasofu (27) have shown r e c e n t l y  
t h a t  i n t ense  s i  ac t iv i ty  during geomagnetic storms i s  more c l o s e l y  
a s soc ia t ed  with t h e  onset of  intense Forbush decrease than a 
simple s tep-funct ion type s s c .  Such in t ense  s i  a c t i v i t y  may w e l l  
be r e l a t e d  t o  t h e  d i s c o n t i n u i t i e s .  Thus, a d e t a i l e d  comparison cf 
both magnetic and cosmic r a y  records (such as Fig.  10) i s  q u i t e  
important i n  understanding t h e  s t r u c t u r e  of t h e  plasma flow. 
(h)  
t h e  s o l a r  plasma flow as t h e  cause of t h e  main phase of geomagnetic 
storms. The main phase i s  characterized by the  e n t r y  of t h e  energy 
c a r r i e d  by t h e  s o l a r  plasma f l o w  in to  t h e  magnetosphere, r e s u l t i n g  
The present  s tudy has n o t  revealed any s p e c i f i c  f e a t u r e  of 
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i n  t he  generation of the  r ing  current deep i n  the  trapping region 
and of a current system i n  the  t a i l  region and a l so  of i n s t a b i l i t i e s  
i n  t h e  i n t e r n a l  s t ruc tu re  of the magnetosphere which are  manifested 
by  in te rmi t ten t  occurrence of t he  auroral  and polar magnetic sub- 
storms. 
It has already been shown, however, t h a t  an enhanced plasma 
pressure (or  the  k ine t ic  energy flux) i s  not d i r e c t l y  r e l a t ed  i n  
any obvious way t o  the  growth o f  the main phase [Akasofu; (28 1 
Des s l e r  ; (29) Akasofu and Chapman (30’31)]. 
without a sudden enhancement of the plasma f l o w  or  even a f t e r  a 
sudden decrease of it [Akasofu ( 3 2 , 3 3 ) ~  . S a t e l l i t e  observations 
show a l so  t h a t  t he  time var ia t ions  of t h e  Kp indices are  not r e l a t ed  
t o  t h e  k ine t i c  energy f l u x  i n  any simple way [Wilcox and Ness 
Therefore, it is  too e a r l y  t o  infer  t h a t  the  enhanced k ine t ic  
energy flux car r ied  by t h e  shock wave or  by the d iscont inui ty  i s  
d i r e c t l y  responsible for  t h e  growth of t h e  main phase. 
The main phase can grow 
(34 >] 
It has a l s o  been c l ea r ly  es tabl ished t h a t  the growth of t he  
main phase has no obvious r e l a t i o n  t o  the  Forbush decrease. Although 
they appear t o  grow together,  a detai led examination of both magnetic 
and cosmic r a y  data  shows t h a t  many storms with an intense main 
phase are  not associated with t h e  Forbush decrease and a l so  t h a t  
many storms without any recognizable main phase a re  accompanied 
by a l a rge  Forbush decrease [Forbush; (35736) Yoshida and Akasofu 
Figure 11 shows such a cont ras t ing  pair of geomagnetic storms. I n  
(27) 
most cases,  Forbush decreases l a s t  much longer than geomagnetic 
storms; f o r  example, t he  Forbush decrease associated with t h e  
J u l y  11, 1959, storm (Fig.  11) had continued u n t i l  Ju ly  15 when a 
new Forbush decrease was superposed on it. Therefore, by observing 
t h e  Forbush decrease and the  main phase decrease, w e  see completely 
d i f f e r e n t  aspects  o f  the  s o l a r  plasma flow. By o3serving the  
Forbush decrease, we see mainly d i s to r t ions  of i n t e rp l ane ta ry  
magnetic f i e l d s  [cf .  Parker; Haurwitz, Yoshida, and Akasofu (2611- Y 
by  observing t h e  main phase decrease, some unknown property of  t h e  
plasma flow. 
Further,  as  Fig. 5 shows, some of the western f l a r e s  tend 
t o  cause the  'main phase' before  the a r r i v a l  of the  shock wave ( s s c ) .  
The onset of t h e  'main phase'  can be seen a s  the  onset of t h e  
a c t i v i t y  of po la r  e l e c t r o j e t  i n  polar magnetic records or as the  
onset of t he  decrease i n  the  horizontal  component of t h e  e a r t h ' s  
f i e l d .  Fig.  I2 shows an example i n  which a new a c t i v i t y  of polar  
e l e c t r o j e t s  begins wel l  before t h e  onse t  of s s c  seen i n  low l a t i t u d e s .  
. 
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It shows both College (represent ing a high l a t i t u d e  
s t a t i o n )  and Honolulu (represent ing a low l a t i t u d e  s t a t i o n )  
records on October 22/23 and 23/24, 1960. 
storm was a t  1452 UT (or  0452 College time and 0352 Honolulu 
t i m e ) ;  it is marked by an arrow. 
shows t h a t  a new magnetic disturbance began a t  l e a s t  four  hours 
before  t h e  a r r i v a l  of t h e  shock wave, d i s rupt ing  what had been a 
f a i r l y  calm period f o r  a t  l e a s t  24 hours p r i o r  t o  t h e  storm. 
Figure 13 shows a s imi l a r  example. The s sc  of t h e  March 1, 1957, 
storm occurred a t  1614 UT (or 0614 College t i m e  or  0514 Honolulu 
t ime);  the  College record on February 28/March 1 shows, however, 
t h a t  a new magnetic disturbance began a t  about 00 College time 
or a l i t t l e  e a r l i e r ,  a t  l e a s t  six hours e a r l i e r  than the  s sc  seen 
a t  Honolulu. An intense polar  e l e c t r o j e t  was observed between 
0245 and 0430 College time, which caused a p o s i t i v e  bay at Honolulu. 
This pos i t i ve  bay is due t o  the r e tu rn  cur ren t  from t h e  polar  
e l e c t r o j e t  and i s  not  due t o  an enhancement of  t h e  plasma pressure .  
This can be seen by examining magnetic records f r o m  s t a t i o n s  widely 
d i s t r i b u t e d  over t he  e a r t h  s ince  pos i t ive  bays appear only i n  a 
l imi t ed  region of t h e  ea r th ,  while ssc  i s  seen over the  e n t i r e  
e a r t h .  I n  these  examples, t h e  development of t h e  'main phase'  
The ssc of October 24 
The College record on October 23/24 
2 4. 
decrease i s  not c lear ,  but  there  are a nmber of examples 
which show a simultaneous growth o f  both the  e l e c t r o j e t  and 
LL bile 
wave. 
1957; t h e  shock wave ar r ived  a t  about the mzxb*m epc i i  u f  the  
' main phase' decrease before the a r r i v a l  of the  shock 
The most s t r i k i n g  example is the  storm of October 21/22, 
(37) 'main phase' decrease; an intense Forbush decrease then began. 
I n  s p i t e  of these complications, however, we bel ieve t h a t  
the  renarkable dependence of t he  magnitude of DR on the  c e n t r a l  
meridian distance i s  a new clue t o  explore the mechanism f o r  the  
main phase of geomagnetic s torms.  
t o  s tudy the  f ine  s t ruc tu re  of the s o l a r  plasma f l o w  along the 
l i n e  indicated i n  t h i s  paper, by  using magnetic and cosmic-ray 
records taken simultaneously *om a number of s t a t ions  over 
the  ea r th .  
I n  fu tu re  papers, we p lan  
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TABLE 1 
Geomagnetic Storm Onset Time 
(ssc)  
UT 
1. M a r .  25, 1958 1540 
2. Ju ly  11, 1959 1625 
3. Dee. 7, 1960 1804 
4. Ju ly  20, 1961 0248 
5. Apr. 9, 1959 1828 
6. Apr. 6, 1960 1628 
7. Sept. 4, 1960 1145 
8. Nov. 21, 1960 2147 
9. M a r .  27, 1961 1503 
11. Jan. 21, 1957 
1 2 .  Sept .13, 1957 
13. Sept .21, 1957 
14 .  Ju ly  8, 1959 
15. h g .  24, 1958 
16. Mar. 26, 1959 
17. Sept. 2, 1959 
18. July 15, 1959 
19. Jan.  13, 1960 
20. Apr. 1, 1960 
21. Apr. 2, 1960 
22. May 8, 1960 
23 June 27, 1960 
June 27, 1960 
24 Aug. 16, 1960 
25 Nov. 13, 1960 
1950 
00 46 
1005 
07 48 
0140 
0842 
2159 
0803 
1859 
0307 
2313 
0421 
0145 
1409 
1200 
1630 
Source F la re  
M a r .  25, 1958 
J d Y  10, 1959 
Dee. 5, 1960 
July 18, 1961 
APT- 8, 1959 
Apr. 5, 1960 
Sept. 3, 1960 
Nov. 20, 196C 
Mar. 26, 1961 
------- 
Jan. 20, 1957 
Sept .11, 1957 
Sept -18, 1957 
J d Y  7, 1958 
Aug. 22, 1958 
Mar. 24, 1959 
Sept. 2, 1959 
July 14, 1959 
Jan. ll, 1960 
Mas. 30, 1960 
Pgr. 1, 1960 
May 6, 1960 
June 25, 1960 
June 28, 1960 
Aug. 14, 1960 
UT 
s955 
0206 
1825 
0920 
0215 
0037 
2 ~ 2 8  
1009 
1850 
1818 
0903 
0239 
0023 
1422 
0 7 ~ 0  
0720 
032 5 
204~) 
1455 
0843 
1404 
1131 
2039 
0 511 
(SI4 WE) 9 
(N22 WO) 3' 
(N27 E68) 3' 
(SO8 w60) 3' 
(N27 E85) 3 
(N12 w62) 3 
m 9  E89) 3 
( ~ 2 8  w109) 3 
(si6 1375) 3 
( N 1 4  El&)  3- 
( N 1 3  Wok) 3- 
(N20 E03) 3' 
(N26 W05) 3 
( ~ 1 8  wio) 3- 
( N l 9  Wok) 3 
( N 1 3  w13) 3 
( ~ 1 6  E07) 3+ 
(N23 E05) 3 
(N12 E l 3 )  3' 
( N 1 5  WO9) 3 
(slu E08) 3' 
(N20 Eo7) 3 
( N l 9  W03) 3 
( N 2 4  W03) 3 
Nov. 12, 1960 1315 ( ~ 2 6  W04) 3' 
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TABLE 2 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9- 
10. 
UT 
AUg- 22, 1937, 02 
A p r .  16, 1938, 05 
M a r .  24, 1940, 13 
M a r .  1, 1941, 03 
July 5, 1941, 04 
~ept.18, 1941, 04 
Apr .  2, 1944, 04 
Mar. 28, 1946, 06 
JUY 26, 1946, 18 
Sept. 2, 1947, 23 
11. 
12. 
13. 
14. 
1 5  - 
16. 
17 * 
18. 
19 
20. 
m 
J d Y  29, 1952, 19 
Jan. 5 ,  1953, 05 
Feb. 25, 1956, 02 
Jan. 21, 1957, 12 
Sept.13, 1957, 1)O 
Se~t.29, 1957, 37 
Feb. 11, 1958, 01 
July 8, 1958, 37 
Sept. 4, 1958, 13 
July 15, 1959, 07 
UT 
21. Nov. 27, 1959, 23 
22. M a r .  31, 1960, 09 
23. Apr. 1, 1960, 08 
24. Pgr. 30, 1960, 12 
25. Nov. 12, 1960, 13 I 
28. Sept.30, 1961, 18 
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FIGURE CAPTIONS 
Figure 1. Relat ive loca t ion  between t h e  so l a r  f l a r e  (r") arid 
the ear th .  
Magnitude of storm sudden commencements and sudden 
impulses as a function of the c e n t r a l  meridian 
distance of t h e i r  responsible f l a r e s .  
Magnitude of the main phase decreases as a func t ion  
of t he  cen t r a l  meridian distance of t h e i r  responsible 
f l a r e s .  
F igme 2. 
Figure 3 .  
Figure 4. (a) Le f t  column: Geomagnetic storms caused by limb 
flares (cent ra l  w r i d i a n  dis tance > E 60" o r  
W 60") of importance 3 or  3 . + 
(b) Central  and Right columns: Geomagnetic storms 
caused by cent ra l  f l a r e s  ( cen t r a l  meridian 
distance < E 15" or W 15") or importance 3-,  3, 
or 3 . The records are  the  horizontal  component 
t r aces  from Honolulu observatory (1957, 1958, 
1959, 1961) and from San Juan observatory (1960). 
+ 
Figure 5. Time i n t e r v a l  (t,) elapsed between t h e  onset  times 
of a Solar f l a r e  and of the  r e s u l t i n g  s sc  ( D C F ) .  
The solar d i s k  i s  divided i n t o  six sec to r s ,  and t h e  
histogram of ts i s  shown f o r  each sec to r .  The t i m e  
i n t e r v a l  f o r  t h e  onset of t h e  main phase decrease 
(DR) i s  a l s o  shown i n  the same way; f o r  t h e  d e f i n i t i o n  
of t he  DR onset,  see the t e x t .  
Proposed s t r u c t u r e  of  the s o l a r  plasma flow generated 
by s o l a r  f l a r e s  (schematic). 
In tense  geomagnetic storms wi th  the  main phase decrease 
of order  200 7 or  more. The records a re  the  ho r i zon ta l  
component t r aces  from Kakioka observatory.  
Magnitude o f  Forbush decreases as a func t ion  of t he  
c e n t r a l  meridian dis tance of t h e i r  responsible  f l a r e s .  
D i s to r t ion  of  i n t e rp l ane ta ry  magnetic f i e l d  (schematic) 
caused by the  s o l a r  plasma flow i l l u s t r a t e d  i n  Fig.  6. 
A t a n g e n t i a l  d i scon t inu i ty  i s  assumed a t  the  sur face  
of t he  s o l a r  plasma. 
Figure 6 .  
Figure 7. 
Figure 8. 
Figure 9. 
Figure 10. Forbush decrease assoc ia ted  w i t h  the  geomagnetic storm 
of J d Y  15, 1959- 
35 
Figure 11. Contrasting p a i r  of geomagnetic storms, together  with 
the  simultaneous cosmic-ray i n t e n s i t y .  The upper 
storm w a s  associated with an in tense  compression of  
t he  magnetosphere (but  no d e f i n i t e  main phase) and 
the  Forbush decrease. The lower storm was associated 
wi th  an intense main phase (but no s s c )  and no recogniz- 
ab le  Forbush decrease. 
Onset of a new a c t i v i t y  of po lar  e l e c t r o j e t s  before 
the  storm sudden commencement of t he  October 24, 1960 
storm. 
(low l a t i t u d e )  magnetic records a re  shown. 
Onset of a new a c t i v i t y  of po la r  e l e c t r o j e t s  before  
the sudden commencement of  t h e  March 1, 1957 storm. 
Both College (high l a t i t u d e )  and Honolulu (low l a t i t u d e )  
magnetic records a r e  shown. 
Figure 12. 
Both College (high l a t i t u d e )  and Honolulu 
Figure 13. 
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